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1.

Introduction

Compression garments are designed to apply external pressure to the wearer through the use
of close-fitting stretch fabrics.

These garments are extensively used for a variety of

applications such as aesthetic body-shaping, improving recovery after exercise, and as medical
therapy for various conditions. In medical use compression garments are usually designed to
prevent excessive swelling. Vessels that carry fluid in human tissue, such as lymphatic vessels,
can be deformed under the garment pressure, creating a pressure gradient between the
compressed region and the non-compressed region of a limb or the body. The pressure gradient
applied by the garment restricts fluid from flowing into the compressed area and/or pushes out
the fluid residing within the affected body area. Compression garments can therefore either
prevent or reduce swelling and can assist in reducing the discomfort of injuries and certain
diseases [1].
To be used for medical therapies and treatments, compression garments need to
deliver reproducible and accurate pressures. The desired pressure is defined by various
national standards governing medical compression devices, such as compression stockings.
For example, in Germany, France and Australia the ‘compression-class’ of a compression
device is defined by the magnitude of pressure applied by a garment to the circumference of a
non-compressible ankle analogue and the RAL-GZ 387/1 standard has been frequently used to
assess compression garments [2, 3]. In previous research [4] the standards for compression
garments have been evaluated experimentally using garments applied to non-compressible
limb analogues. Several studies have shown that the Young-Laplace relation describes how
the elastic strain in a garment stretched over a non-compressible cylinder relates to the pressure
experienced at the garment-cylinder interface [4-10] as described by Equation 1 [7, 8, 10-15]:
𝑃=

𝑇
𝑟

(Eq. 1)
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where 𝑃 is the interfacial pressure experienced by a cylinder of radius 𝑟; and 𝑇 is the tension
in the compression garment per unit width of the garment.

Elastic stretching of the

compression garment introduces the wall tension and the pressure applied to the limb. The
tension for a compression garment is then calculated by Equation 2, assuming Hookean
properties of the garment:
𝑇𝐺 =

𝑘(2𝜋𝑟𝐺 −𝑙0 )

(Eq. 2)

𝑤𝐺

Here 𝑘 is the strain-independent stiffness of the garment, 𝑙𝑜 is the initial length of the garment
and 𝑤𝐺 and 𝑟𝐺 are the final width and radius of the garment, respectively. The simplest
application to non-compressible limbs assumes that 𝑟𝐺′ = 𝑟𝐺 = 𝑟 and 𝑤𝐺′ = 𝑤𝐺 .

These

conditions will not hold true for compressible limbs with 𝑟𝐺′ < 𝑟𝐺 leading to a loss of tension
in the garment and reduced pressure generation.

Not surprisingly, studies examining

compression garment behaviour on human limbs have shown significant differences between
the expected pressure from theoretical calculations (Equation 1) and the actual measured
pressure [10, 16]. Compared to its uncompressed state, a real human limb can be compressed
to a smaller radius, which reduces tension in the garment (Equation 2) and, in turn, generates
lower than expected pressures. The amount real limbs can be compressed, however, varies
from person to person due to individual variability in human tissue properties [17, 18]. It is
therefore difficult to specify the actual pressure that will be generated between a compression
garment and a human limb.
Current theories lack the key factors that accurately describe the deformation associated
with compressible geometries under loading from compression garments. This issue is further
complicated when the highly variable geometry and complex structure of a human limb is
considered. The complexities outlined above create a problem when trying to design a
compression garment on a deformable human limb to match a specific pressure range. A
theoretical model that accurately describes the geometric, mechanical and material properties
3

of both the garment and a human limb is therefore necessary to design effective compression
garments, which can generate specific pressures in desired ranges for medical applications. As
a first step towards this objective, the present study aimed to experimentally investigate the
pressure generated by compression garments applied to both compressible and noncompressible limb analogues. An analytical approach was developed that encompassed the
mechanics of the experimental findings, to estimate the pressure, and was compared to the
pressure predicted from Equation 1.
2.

Experimental methods

Two types of limb analogues were fabricated to represent a compressible limb and a noncompressible limb (see Figure 1). Both of these limb analogues were regular and cylindrical
in geometry, with the same diameter. The compressive modulus of the compressible limb
analogue was chosen because it was within the regime of human soft tissues between 5 kPa to
140 MPa [19]. These simple systems were chosen so that the pressure predicted by the YoungLaplace equation could be accurately calculated and compared to the experimentally-measured
pressure. The pressure was measured using calibrated capacitive-based pressure sensors
(active sensor area: 0.785 cm2; sensor model number S2011-PEX518; Pliance® Novel,
Germany). This pressure measurement system was used due to its low profile (approximately
2 mm thick) and flexible nature, so that bending of the sensor to match the curvature of the
cylinder surface had negligible effect on the pressure measurements.
2.1.

Compression garments

Exercise band material (66fit, Lincolnshire, UK) was used to fabricate custom closed-loop
compression garments.

The exercise bands came in continuous lengths in a variety of

thicknesses, which were used to represent compression garments of varying stiffness. Uniaxial
tensile testing of the material (Shimadzu EZ-L testing machine, Shimadzu, Japan) allowed the
modulus and stiffness to be calculated and used in theoretical calculations of pressure
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generation. The compression garments were fabricated from a range of thicknesses (0.36 mm,
0.30 mm, 0.26 mm and 0.20 mm) and a range of diameters (90%, 80%, 70% and 60% of the
initial circumference of the limb analogue), resulting in 16 total configurations tested in
triplicate. All garments were 130 mm wide. A new garment was fabricated for each
measurement.
2.2

Non-compressible limb analogue

Plastic polyvinyl chloride (PVC) pipe of 80 mm diameter was cut to a length of 300 mm. The
wall thickness of the pipe was 4.0 ± 0.25 mm (Figure 1). The thickest and shortest compression
garment was placed onto the pipe because this represented the maximum loading limits that
occurred during pressure measurement testing. The diameters of the pipe across a range of
radial and height locations showed negligible difference between the compressed and noncompressed regions so the pipe could be considered incompressible over the pressure ranges
used in the present study. The pressure sensor was adhered directly onto the surface of the pipe
(using the sensor mounting tabs) and the resultant garment-surface interface pressure was
measured immediately about the midline of the garment’s width using the Pliance® Novel
software. Pressure measurements were repeated for all 16 compression garment thicknesses
and diameters.

5

Figure 1. The non-compressible (left) and compressible (right) limb analogues. The pressure
sensor was located underneath the compression garment, at about the middle of the width
(dotted line) of the compression garment, as indicated by the solid dot.

2.3

Compressible limb analogue

High density polyurethane foam was used as a surrogate for a compressible limb analogue.
The foam was formed into a cylinder shape to match the dimensions of the non-compressible
limb analogue (80 mm diameter and 300 mm in length). The mechanical properties of the
compressible foam were measured (Shimadzu EZ-L testing machine, Shimadzu, Japan) on a
cube shape using uniaxial compression testing. A pressure sensor was placed at the midpoint
of the cylinder’s length and the resultant pressure was recorded for the range of compression
garments using the same methods described for the non-compressible limb analogue. The
deformation of the cylinder was recorded using a non-elastic string about the smallest
circumference (at the midpoint of the cylinder’s length) at zero tension. The radial deformation
was calculated from the measured circumference.
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3.

Analytical derivation of interface pressure

The analytical process described below was adapted from the analysis of tubular press fittings
[19]

and is used here to estimate the limb compression, based on the following assumptions:
(i)

friction between the surfaces was negligible,

(ii)

materials are Hookean in behaviour,

(iii) the geometry was maintained uniform and regular, and
(iv) radial compression of the cylinder behaved in the same manner as uniaxial
compression.
For a given compression garment of initial radius 𝑟𝐺 placed onto a cylinder geometry of initial
radius 𝑟𝐶 , the garment must have a smaller radius than the cylinder (𝑟𝐺 < 𝑟𝐶 ) to generate
pressure at the garment-cylinder interface. The pressure at the interface will cause radial
deformation of the cylinder geometry (𝑢𝐶 ) proportional to the stresses and material
characteristics to a new radius 𝑅 given by [20]:
𝑟

𝑢𝐶 = 𝐸𝐶 (𝜎𝜃𝐶 − 𝑣𝐶 𝜎𝑟𝐶 )
𝐶

(Eq. 3)

where 𝐸𝑐 is the Young’s Modulus of the cylinder, 𝜎𝜃𝐶 is the hoop stress at the interface, 𝜎𝑟𝐶 is
the radial stress at the interface and 𝑣𝐶 is the Poisson’s ratio of the cylinder. Likewise, as the
cylinder is compressed, the compression garment undergoes radial deformation of 𝑢𝐺 [20]:
𝑟

𝑢𝐺 = 𝐸𝐺 (𝜎𝜃𝐺 − 𝑣𝐺 𝜎𝑟𝐺 )
𝐺

(Eq. 4)

where 𝐸𝐺 is the Young’s Modulus of the garment, 𝜎𝜃𝐺 is the hoop stress at the interface, 𝜎𝑟𝐺 is
the radial stress at the interface and 𝑣𝐺 is the Poisson’s ratio of the garment. A graphical
representation of these terms is shown in Figure 2 for the garment and cylinder before and after
compression has occurred.
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Figure 2. Graphical representation of the geometrical components of the analytical model.
The initial interfacing radii of the cylinder (a) and compression garment (b) are given by 𝒓𝑪
and 𝒓𝑮 , respectively. The thickness of the garment is 𝒕𝑮 . The garment causes compression
of the cylinder (c) to a new interfacial radius of 𝑹, resulting in radial deflections of 𝒖𝑮 and
𝒖𝑪 for the garment (d) and cylinder (e), respectively.

The general form for determining hoop stress for a thick-walled cylinder under pressure (𝑝)
with an inner radius of 𝑟𝑖 and outer radius of 𝑟𝑜 is given by [20]:
𝑟 2 +𝑟 2

𝜎𝜃 = −𝑝 𝑟𝑜2 −𝑟𝑖2
𝑜

(Eq. 5)

𝑖

For a compression garment the inner radius becomes the initial inner radius of the garment
(𝑟𝑖 = 𝑟𝐺 ) and the outer radius is the inner radius in addition to the garment thickness (𝑟𝑜 = 𝑟𝐺 +
𝑡𝐺 ). Therefore, modifying Equation 5 for the garment’s hoop stress (𝜎𝜃𝐺 ) at the interface takes
the form of:
𝜎𝜃𝐺 = −𝑝

(𝑟𝐺 +𝑡𝐺 )2 +𝑟𝐺2
(𝑟𝐺 +𝑡𝐺 )2 −𝑟𝐺2

(Eq. 6)

Similarly, for a solid cylinder (i.e. 𝑟𝑖 = 0 for the cylinder used in this study) calculating the
cylinder’s hoop stress (𝜎𝜃𝐶 ) can be simplified to:
𝜎𝜃𝐶 = −𝑝

(Eq. 7)
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The radial stress is simply the negative of the garment-cylinder interface pressure:
𝜎𝑟𝐶 = 𝜎𝑟𝐺 = −𝑝

(Eq. 8)

Substituting these measurable parameters into the deflection equations yields a cylinder
deformation of:
𝑟

𝑢𝐶 = − 𝐸𝐶 𝑝(1 − 𝑣𝐶 )
𝐶

(Eq. 9)

and for the compression garment deformation:
(𝑟 +𝑡 )2 +𝑟 2

𝑟

𝑢𝐺 = 𝐸𝐺 𝑝 [ (𝑟𝐺 +𝑡𝐺 )2−𝑟𝐺2 + 𝑣𝐺 ]
𝐺

𝐺

𝐺

(Eq. 10)

𝐺

As the final radial deformation of both the garment and the cylinder is between the initial
garment and cylinder radii, the constraint is given:
𝑢𝐺 − 𝑢𝐶 = 𝑟𝐶 − 𝑟𝐺

(Eq. 11)

Substitution of 𝑢𝐶 (Equation 9) and 𝑢𝐺 (Equation 10) into Equation 11 and solving for pressure
(𝑝) gives:
𝑝=

𝑟𝐶 −𝑟𝐺
2 2
𝑟𝐺 (𝑟𝐺 +𝑡𝐺 ) +𝑟𝐺
𝑟
[
+𝑣𝐺 ]− 𝐶 (1−𝑣𝐶 )
𝐸𝐺 (𝑟 +𝑡 )2 −𝑟2
𝐸𝐶
𝐺 𝐺
𝐺

(Eq. 12)

Equation 12 allows the pressure values to be calculated using initial parameters of the
compression garment-cylinder system. Poisson’s ratio for the elastic garments was assumed
as 0.5 (a typical value for rubber-like materials) and as 0 for the foam cylinder [21, 22].
Calculated pressure values from Equation 1 and Equation 12 were compared for concordance
to the experimentally measured values for the compressible and non-compressible limb
analogues using Lin’s Concordance Correlation Coefficients (Microsoft Excel 2010). This
allowed the level of agreement of values predicted by the Young-Laplace equation and the
proposed analytical equation to be determined relative to the experimental data, using shared
expected values between each case. The level of agreement characterised by each Lin’s
coefficient (Lin’s rc) was deemed poor (rc<0.50), low (0.50<rc<0.70), moderate
(0.70<rc<0.80), high (0.80<rc<0.90) and excellent (rc>0.90) [23]. The final radius at the
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garment-surface interface was also calculated by substituting the calculated pressure value
from Equation 12 into Equation 9, allowing the resultant radii to be calculated for each
experiment.
4.

Experimental results

Uniaxial tensile testing of the 16 closed-loop compression garments resulted in an average
Young’s Modulus of 2.0 ± 0.6 MPa for all garments. The modulus was calculated within the
domain of strain experienced by the compression garments during the pressure measurements.
Uniaxial compression testing of the foam used to construct the compressible limb analogue
resulted in an average modulus of 47.6 ± 0.9 kPa. The compressive modulus was measured
along the radial direction in the cylinder geometry.
The pressure measured at the garment-surface interface for the non-compressible and
compressible limb analogues is shown in Figure 3 and Figure 4, respectively, for each thickness
of compression garment. Pressure values are reported according to the size of the compression
garment relative to the starting cylinder diameter (as opposed to the final diameter of the
compressible cylinder). The pressure estimated by the Young-Laplace equation exhibited
excellent agreement to the experimentally measured pressure on the non-compressible cylinder
(Lin’s rc = 0.97). However, for a given garment thickness and initial garment length, the
pressure generated on the compressible analogue was consistently less than that generated on
the non-compressible cylinder. Comparing the Young-Laplace and experimentally measured
compressible cylinder values revealed low agreement (Lin’s rc = 0.69). Values produced by
the model described in this study showed greater agreement with the experimentally measured
pressure values (Lin’s rc = 0.74), although higher pressure configurations exhibited deviations.
When these deviations (bands sized at 60% the cylinder radius at 0.36 mm thickness) were
excluded the agreement increased greatly (Lin’s rc = 0.87), suggesting the model does not hold
for higher tension and deformation conditions.

A comparison of the calculated and
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experimentally measured radii has been plotted in Figure 5. Again, the plots are with respect
to the initial size of the compression garment relative to the starting cylinder diameter.
Differences between the expected and experimentally measured diameters resulted in poor
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agreement (Lin’s rc = 0.20).
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Figure 3. Plots of the experimentally-measured pressure values for the non-compressible limb
analogue (circles) versus the pressure value calculated using the Young-Laplace equation
(dashed line). Each plot represents one thickness of compression garment over a range of
sizes. The thicknesses are, from top left, 0.36 mm, 0.30 mm, 0.26 mm, 0.20 mm.
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Figure 4. Plots of the experimentally-measured pressure values (circles) for the compressible
limb analogue versus the pressure values calculated by the derived analytical model (solid
line) and the Young-Laplace equation (dashed line). Each plot represents one thickness of
compression garment over a range of sizes. The thicknesses are, from top, left 0.36 mm, 0.30
mm, 0.26 mm, 0.20 mm.
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Figure 5. Plots of the experimentally-measured final radii (circles) for the compressible limb
analogue versus values calculated by the derived analytical model (solid line). Each plot
represents one thickness of compression garment over a range of sizes. The thicknesses are,
from top left, 0.36 mm, 0.30 mm, 0.26 mm, 0.20 mm.

6.

Discussion

The good agreement between the pressure values predicted by the Young-Laplace equation to
the experimentally-measured pressure values on the non-compressible limb analogue was
consistent with previous research [7, 8, 10-15] and thereby validates the experimental setup.
In contrast, however, only low agreement was found between the experimentally-measured
pressure values for the compressible limb analogue and the predicted Young-Laplace pressure
values, whereby the predicted pressure values overestimated the actual measured pressure.
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As shown in Figure 4, the pressure values predicted using the new model were similar
to the experimental values in most cases with a significant improvement compared with the
Young-Laplace equation. The predicted values, however, were lower than the experimentallymeasured values in cases where the compression garment exhibited high tension. This
discrepancy was observed for garments 0.36 mm and 0.30 mm thickness with an initial length
at 60% of the cylinder’s initial circumference. It was observed in these cases that the foam
cylinder deformation was large and non-uniform with respect to the change in radius across the
width of the garment, as shown in Figure 1. The obvious non-uniform strain distribution
invalidates the assumption that the cylinder would maintain regular and uniform geometry.
However, the other predicted pressure values exhibited high agreement with the
experimentally-measured pressure values and the non-uniform deformation was less obvious.
Calculations of the final radii were consistently larger than the measured values with
the discrepancy greatest when the garment generated the highest pressures. Again, it is likely
that the non-uniform deformation of the cylinder across the band width contributed to the error
in the calculated radii. The reported measured radii were taken at the mid-point of the
compression garment where the radii were smallest. As seen in Figure 1, the variation in radius
across the band width could be several millimetres in magnitude, which is sufficient to account
for the discrepancies between the measured and calculated radii.
Existing models used to describe pressure also do not account for non-linear mechanical
properties typical of elastomeric materials [24]. Apparent non-linear effects are also likely to
arise from the complex internal stresses experienced inside the cylinder geometry [25].
Computational numerical approaches, such as Finite Element Analysis (FEA), would allow the
compression garment-limb system to be modelled to the required level of detail, potentially
accounting for complexity of human limbs and including the non-linear material properties of
the elastic garment. FEA, however, usually requires an initial loading condition, which is then
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applied to the geometry (the system is simplified to a mesh structure), that causes strain, and
therefore stress, in the geometry. In this particular case, the compression garment would
generate the initial loading conditions over the geometry it is placed upon, which is an
interesting challenge to calculate in itself. The loading provided by the garment is also not
constant, as shown in the derivation of the analytical model, because as deformation occurs the
tension in the garment changes proportionally to the tensile properties of the material. Further
extension of the model presented here would be applicable to such kinds of computational
simulations of pressure generation. Experimental validation of computational models would
also be required using a benchtop system, such as the compressible limb analogue described
above. A validated computational model would be useful as a tool for designing customised
compression garments that generate specific pressures and thereby the desired physiological
effects.
By understanding the relationship between the stiffness of a garment and the human
body, clinicians and therapists would have a better understanding of the resultant interfacial
pressure. The correct size, form and stiffness of compression garments could be driven by the
individual characteristics of the patient.

Furthermore, practical measurements of limb

circumference using non-elastic measuring tapes, for compression garment sizing, generates
tension within the measuring tape leading to pressure on the limb and, in turn, causing
deformation and a lower than actual limb circumference being recorded. Consequently, a
garment based on these measurements will be tailored for limbs of smaller size and would
likely deliver a higher than expected pressure. The review and assessment of the veracity of
clinical practices may benefit from these understandings.
7.

Conclusions

The success of medical-based compression therapies relies on delivering the correct amount of
pressure to the human body and this study has highlighted the difficultly in estimating the exact
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pressure caused by a compression garment due to the underlying mechanics. Understanding
how pressure is developed on a uniform, synthetic compressible limb analogue provides an
insight into these mechanics and has been demonstrated in this study. The Young-Laplace
equation did not account for compressibility of the limb analogue. Therefore, an analytical
model was adapted to encompass the response of the compressible material to the pressure
applied by the compression garment. Pressure values provided by this model showed excellent
agreement with experimentally-measured values, except at the largest deformations. Future
extensions of the model using computational approaches are proposed in an effort to include
the non-linear and non-uniform behaviours of the system. It is recommended that the additional
information provided by such an approach would allow pressure values to be predicted with
greater accuracy. This effort would ultimately lead to a validated computational model as a
method to design effective compression garments, which accurately deliver the desired
pressures.
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